In this paper we describe the construction and use in Pseudomonas putida WCS358 of phoE-caa, a novel hybrid marker gene, which allows monitoring both at the protein level by immunological methods and at the DNA level by PCR. The marker is based on the Escherichia coli outer membrane protein gene phoE and 75 bp of E. coli caa, which encode a nonbacteriocinic fragment of colicin A. This fragment contains an epitope which is recognized by monoclonal antibody (MAb) lCll. As the epitope is contained in one of the cell surface-exposed loops of PhoE, whole cells of bacteria expressing the protein can be detected by using the MAb. The marker gene contains only E. coli sequences not coding for toxins and therefore can be considered environmentally safe. The hybrid PhoE-ColA protein was expressed in E. coli under conditions of phosphate starvation, and single cells could be detected by immunofluorescence microscopy with MAb lCll. Using a wide-host-range vector the phoE-caa gene was introduced into P. putida WCS358. The gene appeared to be expressed under phosphate limitation in this species, and the gene product was present in the membrane fraction and reacted with MAb lCil. The hybrid PhoE-ColA protein could be detected on whole cells of WCS358 mutant strains lacking (part of) the 0-antigen of the lipopolysaccharide but not on wild-type WCS358 cells, unless these cells had previously been washed with 10 mM EDTA. In addition to immunodetection, the phoE-caa marker gene could be specifically detected by PCR with one primer directed to a part of the phoE sequence and a second primer that annealed to the caa insert.
Recombinant DNA techniques have largely facilitated the construction of specialized bacterial strains for agricultural and industrial purposes. Of the bacterial species which have potential as enhancers of plant growth, some fluorescent pseudomonads show particular promise (24) . This plant growth promotion requires efficient colonization of the plant root system. One obvious possibility to further improve the performance of selected strains is the use of root colonization genes (24) . Prior to application in the environment of bacteria equipped with such genes, however, insight has to be obtained in the spreading of the bacteria and of their DNA.
In recent years an increasing number of molecular techniques have been applied to monitoring bacteria (28, 30, 37) . The most rapid sensitive methods for screening large numbers of samples probably are monoclonal antibody (MAb)-based techniques (31) and PCR analysis. For in situ studies of recombinant bacteria, immunological methods are the most appropriate, since they allow single cell microscopic detection without disrupting the microenvironment (22, 32) .
For our studies with recombinant root-colonizing Pseudomonas strains, we needed a marker that would allow very sensitive detection in large numbers of soil samples as well as samples from groundwater. Furthermore, to be able to study the root colonization process in detail, the marker should allow detection of single bacterial cells on root systems. We therefore constructed a novel marker gene based on the Escherichia coli phoE and caa genes, which can be detected by MAbs as well as by PCR.
The E. coliphoE gene is regulated as part of the pho regulon, which is induced under conditions of phosphate starvation (27) . The gene encodes the 33-kDa PhoE protein, which is incorporated in the outer membrane as a trimer and functions as an anion-selective pore (6) . A model for the folding of the PhoE monomer of 16 membrane-spanning domains connected by periplasmic and outer cell surface-exposed loops (41) was recently confirmed by the resolution of the crystal structure of the protein (9) . The protein has been used as a carrier for cell surface exposure of foreign epitopes in E. coli (2) .
Under conditions of phosphate starvation, Pseudomonas aeruginosa expresses the OprP outer membrane pore protein, a phosphate uptake system which has a function similar to that of E. coli PhoE (17) . The regulatory circuits for the expression of the phoE and oprP genes are well conserved. In E. coli the bifunctional repressor-activator PhoR protein is converted to its activator form under conditions of phosphate starvation and activates PhoB, which in turn activates transcription of the structural genes of the pho regulon. This gene activation involves interaction of activated PhoB with regulatory sequences, designated pho boxes (43) , which precede the structural genes. The P. aeruginosa oprP gene is preceded by a pho box, which is also functional in E. coli (33) . Furthermore, P. aeruginosa phoB-and phoR-like regulatory genes can complement phoB and phoR mutations in E. coli, respectively (13 Soil microflora. An air-dried sample of 10 g of loamy sand potato-cropping soil (26) was hydrated overnight with 2 ml of tap water, at 4°C. The soil was extracted with 18 ml of phosphate-buffered saline (PBS [10 mM NaH2PO-Na2HPO4, 9% NaCl] [pH 7.4]) by vigorous mixing for 10 min at room temperature with a whirl mixer. After centrifugation for 10 min at 75 x g, 50-,ul aliquots of serial 10-fold dilutions of the supernatant were plated on LC and phosphate-limited media and incubated at 28°C overnight and for 2 days, respectively. DNA techniques. Oligonucleotides were synthesized on a Biosearch 8600 DNA synthesizer and were purified by highperformance liquid chromatography. Plasmid and chromosomal DNA was isolated after alkaline lysis (7, 29) by CsCl-ethidium bromide isopycnic centrifugation. DNA concentrations were determined spectrophotometrically (29) . Restriction enzymes and T4 DNA ligase were purchased from Pharmacia (Woerden, The Netherlands). Cloning, preparation of transformation-competent cells of E. coli, and transformations were carried out according to standard procedures (29) . Inserts in the Nrul site of the phoE gene (see Fig. 1 (16) . Primers pr28 and pr8 are based on the E. coli phoE sequence (40) . Primer pr8 has been used previously as an enterobacterial probe (36) . The positions of the primers on the hybrid phoE-caa gene are depicted in Fig. 7 . In later experiments, primer pr3 was replaced by its derivative pr7 (5'-CGTCGGAAAAGGTGAT GGTACCGGCTGGAG-3'), and prim-er pr8 was part of the fourth cell surface-exposed loop of the PhoE protein, was used. Amino acid residues encoded by DNA inserted at this NruI site will be exposed at the cell surface (2) .
A 75-bp fragment of the E. coli caa gene, which encodes a region carrying an epitope for MAb lCll, was selected. This fragment, encoding Gly-8 to His-30 (16) , was generated by sequential insertion of two synthetic DNA fragments (Fig. 1 ).
Plasmid pMR05 was linearized with NruI and ligated to fragment 1 (Fig. 1A) . To eliminate self-annealed plasmid, the ligation mixture was digested with NruI prior to transformation of E. coli KMBL1164. Plasmid DNA from chloramphenicolresistant transformants was isolated and digested with SalIl, since insertion of fragment 1 in the correct orientation would create a Sall site 3' and a BamHI site 5' to the insert. One of the plasmids containing the fragment in this orientation was linearized with BamHI, ligated to synthetic caa fragment 2 (Fig. 1B) , and used to transform E. coli KMBL1164 cells.
Proper insertion of fragment 2 would result in a BamHI site at the 3' end of fragment 2, at 34 bp from the Sall site created by the insertion of fragment 1. Incorrect insertion would generate a BamHI site at the 5' end of fragment 2, at 75 bp from the Sall site. Isolated plasmid DNA of chloramphenicol-resistant transformants was digested with BamHI and Sall and analyzed on a nondenaturing 20% polyacrylamide gel. Three plasmids containing a 34-bp BamHI-SalI fragment and one plasmid containing a 75-bp BamHI-SalI fragment, designated pMP2424, were sequenced. pMP2424 contained fragment 2 in inverted orientation, as was expected from the restriction analysis. One of the three plasmids mentioned previously, which all contained the total 75-bp caa sequence properly inserted inphoE, was designated pMP2425 (Fig. 1C) wild-type PhoE. A low level of expression has been observed previously with other altered PhoE proteins in E. coli CE1248 (1). The Western blot (Fig. 2B) clearly shows that only the hybrid PhoE-ColA protein encoded by pMP2425, and not the PhoE wild-type protein, is recognized by MAb lCll.
Single cell detection of E. coli CE1248 pMP2425 by immunofluorescence microscopy. To test whether the ColA epitope was exposed at the outer cell surface of E. coli CE1248 cells and whether its expression was sufficient for single cell detection, CE1248.pMP2425 and CE1248.pMR05 cells were adhered mildly to silicon-coated glass slides. To avoid damage to the cells a fixation procedure was avoided. The slides were treated with MAb lCil, followed by double immunofluorescence labelling with rabbit anti-mouse IgG-FITC and goat anti-rabbit IgG-FITC. Immunofluorescence microscopy revealed that single CE1248.pMP2425 cells were clearly stained (Fig. 3) , whereas the CE1248.pMR05 wild-type PhoE control cells showed no signal.
Expression ofphoE-caa in P. putida WCS358. The phoE-caa gene, including its native promoter and upstream controlling sequences (pho boxes), was excised from plasmid pMP2425 as an EcoRV fragment and ligated to BamHI-digested wide-hostrange plasmid pMP92 (35) , after the sticky ends of the linearized vector were filled with Replitherm thermostable DNA polymerase (Fig. 1C) . After electroporation of E. coli KMBL1164, DNA of tetracycline-resistance transformants was isolated and digested with PstI to determine the orientation of the insert. One plasmid, designated as pMP2427, which carries the phoE-caa gene in the orientation depicted in Fig. 1C Detection of PhoE-ColA in P. putida WCS358 0-antigen mutant strains. Plasmid pMP2427 was electroporated into WCS358 0-antigen mutants LWP358-5c (short 0-antigen) and LWP358-43b (no 0-antigen) (12) . The resulting strains were grown on phosphate-limited medium and tested for detectabil-VOL. 60, 1994 APPL. ENVIRON. MICROBIOL. (Fig. 5 ). In conclusion, the PhoE-ColA protein can be used as a marker for whole cells of P. putida WCS358 provided that blots are washed with EDTA prior to immunodetection.
Specificity of MAb lCll. As P. putida WCS 358 will be used as a growth-stimulating agent for the potato, the microflora present in potato-cropping soil was checked for reactivity with MAb lCll. A panel of seven wild-type Pseudomonas soil isolates was also tested. The results in Fig. 6 show that MAb lCll does not show significant reaction with any of these strains (Fig. 6A) or with the soil microflora (Fig. 6B) . Only Pseudomonas sp. strain M114 is faintly stained. Strain WCS358.pMP2427 colonies are detected in the colony blot ( Fig. 6C1 and C4 ). The greatest degree of reactivity was observed with the 0-antigen mutant strain LWP358-5c.pMP 2427 (Fig. 6C2 and C5) . Strain WCS358 does not show any reaction (Fig. 6C3 and C6) .
PCR detection of phoE-caa gene. Plasmids pMR05 and pMP2425 were subjected to PCR with primers annealing to the phoE gene (pr8) and to the caa insert (pr3) (Fig. 7A) . As a positive control for the reaction on both templates, two primers annealing to the phoE gene (pr28 and pr8; Fig. 7A) were used. Figure 7B shows that plasmid pMP2425 is indeed detectable with pr3 and pr8, the combination of primers for phoE and caa, whereas pMR05 shows no reaction. The controls with pr28 and pr8, both directed against phoE, show PCR fragments with slightly different sizes for the two plasmids, which is in agreement with the fact that pMP2425 carries a 75-bp insert which is lacking in pMR05.
To achieve the highest degree of reaction specificity of the PCR, a new primer pair was designed, allowing annealing at 50°C in an otherwise-unmodified PCR protocol. Primers prl and pr7, derived from pr8 and pr3, respectively, allowed reproducible detection of 5 ag of plasmid pMP2427, containing the phoE-caa marker gene (Fig. 8 ). Chromosomal DNA of six different wild-type rhizobia and of the Pseudomonas strains listed in Table 1 did not show the marker-specific signal in the prl-pr7 PCR (data not shown).
DISCUSSION
Application of recombinant bacteria for agro-industrial purposes in the environment is still a matter of controversy. Since possible risks of such applications for humans and the environment are difficult to judge, monitoring of the bacteria in contained prerelease experiments, as well as in actual applications, is often required. For this purpose a wide variety of methods is used (28, 30, 37) , each having its specific advantages and disadvantages. In this paper we describe the construction of a novel marker gene which can be detected by two complementary techniques, both with high degrees of sensitivity and specificity. Depending on the specific requirements of the monitoring, either MAb detection or PCR can be chosen or samples can be analyzed by both methods to virtually eliminate the chance of false-positive identification.
The marker gene is based on E. coli phoE, in which a 75-bp fragment of E. coli caa is inserted in the part of phoE that codes for the fourth cell surface-exposed loop of the PhoE protein (Fig. 1) . This fragment codes for residues 8 to 30 of colicin A and is derived from a part of this protein which does not contain bacteriocinic activity (8 a disadvantage to this bacterium. Therefore, the phoE-caa marker gene maximally meets environmental safety criteria.
The influence of amino acid insertions in the fourth cell surface-exposed loop of PhoE has been studied extensively (2) (3) (4) . Insertions of up to 34 residues did not disturb correct outer membrane assembly, provided that the insert did not have an overall hydrophobic nature and that not too many positively charged residues were introduced (3). Since 23 of the 25 amino acid residues of ColA that were selected as the immunological tag are either polar or charged and since their total charge is zero, the insert meets the criteria for cell surface exposure by PhoE. Indeed, the hybrid protein is incorporated into the outer membrane of E. coli CE1248 cells, although the expression of the protein is reduced in comparison to that of wild-type PhoE (Fig. 2) . However, in strain CE1248, expression of hybrid PhoE proteins has been previously observed to be impaired (1) . In the Western blot of the membrane proteins, two bands reacting with MAb lCll were observed, the upper band probably being a precursor form of the mutant protein (Fig. 2B) . This phenomenon has been observed with a number of other mutant PhoE proteins, carrying hydrophilic and hydrophobic inserts of various length (3) . Despite the reduced expression of the hybrid protein, E. coli CE1248. pMP2425 cells expressing the PhoE-ColA protein could be visualized as individual cells by immunofluorescence microscopy. Since the cells were not treated with a fixative prior to immunostaining, this indicates that the ColA insert is cell surface exposed.
The PhoE protein has been used as a carrier for antigenic epitopes not only in E. coli but also in the closely related species Salmonella typhimurium (5) . In this paper we show, (i) that a mutant phoE gene under control of its own phosphate starvation-inducible promoter is also expressed in P. putida under phosphate limitation, (ii) that the hybrid protein is not extracted from a membrane preparation of P. putida WCS358 pMP2427 by using Sarkosyl, and (iii) that it reacts with MAb lCll (Fig. 4) . Since Sarkosyl dissolves inner membranes, the protein indeed seems to be incorporated in the outer membrane. These results extend the applicability of PhoE as a carrier for cell surface exposure of foreign epitopes to P. putida.
Whole proved to be a sensitive and specific tool in preliminary studies of the stability of plasmid pMP2427 in WCS358 in root and soil microcosm systems (44) .
In this study phoE-caa was expressed from the phosphate limitation-inducible E. coli phoE promoter in P. putida WCS358. As WCS358 experiences phosphate limitation in the rhizosphere (10),phoE-caa most likely will be expressed in this environment. Alternatively, constitutive promoters may be used to drive the expression of the marker gene.
The phoE-caa gene has been introduced into P. putida by means of a wide-host-range plasmid. To eliminate the need for selective pressure, we are currently constructing disarmed transposon derivatives (18) carrying the phoE-caa gene. These constructs will be used to stably integrate the marker into the chromosomes of selected strains. These strains will be used as model strains for monitoring the fate of plant growth-promoting pseudomonads and their DNA.
PhoE-ColA did not bind MAb lC1l very efficiently, but the 0-antigen mutant strains of WCS358 that expressed the hybrid protein were well stained by using MAb lCil in a colony blot (Fig. 5 ). This finding seemed to indicate that the 0-antigenic side chains of the lipopolysaccharide shielded the ColA epitope on the cell surface of WCS358. The 0-antigen has been described as the component responsible for shielding outer membrane proteins in E. coli (39, 40) as well as in S. typhimurium (5) . Involvement of the 0-antigen in the case of P. putida WCS358 seemed to be confirmed by the finding that washing with 10 mM EDTA prior to immunodetection rendered the cells more accessible to MAb lCll (Fig. 5) . However, cells of WCS358 expressing PhoE-ColA that were washed with demineralized water instead of EDTA also showed some reaction with MAb IC11. It is possible that the lipopolysaccharide is partly removed by this treatment. Alternatively, shielding may also be caused by a component(s) loosely attached to the 0-antigen, which is easily washed away. A possible candidate for this component could be (small amounts of) extracellular polysaccharide.
We designed the phoE-caa marker gene for use in potato plant growth-promoting Pseudomonas strains. MAb lCil did not significantly react with the microflora of Flevoland potato cropping soil or with six of seven wild-type Pseudomonas strains (Fig. 6) . One strain, Pseudomonas sp. strain M114 showed a faint reaction. As this strain is not endogenous but originates from Irish soil (25) , this does not interfere with specific detection by MAb lCil in our test system. It does however indicate that application of the marker in other systems will have to be accompanied by specificity tests of relevant microflora samples.
In addition to immunodetection of the PhoE-ColA protein, the marker could also be detected specifically at the DNA level, taking advantage of the unique combination ofphoE and caa sequences. A set of primers, pr3 and pr8, directed against part of phoE and part of the caa insert was capable of discriminating between the mutant and wild-type phoE genes, showing a signal only when the insert was present (Fig. 7) . Although these primers did not show any reaction with a number of chromosomal DNA preparations of soil bacteria such as Agrobacterium, Rhizobium, and Pseudomonas species, we designed a set of primers, pr7 and prl, to allow a higher annealing temperature. With these primers, 5 ag of plasmid pMP2427 could reproducibly be detected (Fig. 8) , whereas chromosomal DNA of six rhizobial species and seven Pseudomonas species showed no specific signal. The prl-pr7 PCR
